DB. Induction of COX-2 expression by Helicobacter pylori is mediated by activation of epidermal growth factor receptor in gastric epithelial cells.
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HELICOBACTER PYLORI SELECTIVELY colonizes human gastric mucosa and induces an inflammatory response that persists for decades. In a subset of infected individuals, the chronic inflammatory process progresses to gastric atrophy, followed by intestinal metaplasia, dysplasia, and finally adenocarcinoma (5) . Both bacterial strain and host constituents contribute to the development of H. pylori-induced cancer (17) . Chronic infection with H. pylori strains harboring the cag pathogenicity island, which encodes a type IV secretion system (T4SS), is characterized by more severe inflammation and an increased risk for gastric cancer compared with infection with cagnegative strains (9) .
Cyclooxygenase-2 (COX-2) catalyzes the conversion of arachidonic acid to prostaglandins (PGs), the biological effects of which are mediated by prostanoid receptors (EP receptors). Levels of COX-2 expression are low under resting conditions in most cells, but can be induced by proinflammatory and mitogenic stimuli (25) . Overexpression of COX-2 has been implicated in the development of gastric cancer, since COX-2 inhibits apoptosis and increases invasiveness of malignant cells (23) . The most abundant PG produced by COX-2 in gastric cancer is PGE 2 (22) . PGE 2 binds to four subtypes of receptors (EP 1 -EP 4 ) and promotes tumor growth by stimulating cell proliferation, promoting angiogenesis, inhibiting apoptosis, inducing invasion, and suppressing immune activation (25) .
Expression of COX-2 is increased within gastric mucosa of patients infected with H. pylori and in experimentally infected Mongolian gerbils (7, 18, 19) . Treatment of H. pylori-infected animals with specific COX-2 inhibitors reduces the intensity of mucosal inflammation induced by the bacteria; similarly, longterm ingestion of nonsteroidal anti-inflammatory drugs that inhibit COX activity decreases the risk for gastric cancer (24, 26) . H. pylori also upregulates the expression of epidermal growth factor receptor (EGFR) in gastric epithelial cells through transactivation of EGFR (12) . Recently, we demonstrated that transactivation of EGFR by H. pylori results in activation of protein kinase B/phosphatidylinositol 3-kinase activity as well as upregulation of Bcl-2, which inhibits gastric epithelial cell apoptosis (31) . EGFR has been implicated in mediating the oncogenic activity of PGE 2 , and, conversely, PGE 2 can transactivate EGFR in colon cancer and gastric epithelial cells (29) .
In this study, we investigated the role of EGFR activation and downstream signaling cascades triggered by H. pylori in the induction of COX-2 expression using conditionally immortalized mouse gastric epithelial cells as a model. These cells are unique in that they mimic primary gastric epithelial cells when grown under nonimmortalizing conditions. Our results show that direct interaction between H. pylori and gastric epithelial cells is necessary for full induction of COX-2 expression, and a functional cag T4SS is required for this process. Soluble factors derived from H. pylori also induce COX-2 expression, but to a lesser extent than direct contact of the bacterium with host cells. Inhibition of COX-2 expression increases apoptosis in response to H. pylori. Using wild-type (WT) and EGFRdeficient (Egfr wa5 ) mice as an in vivo model, we also demonstrate that a fully functional EGFR is necessary for COX-2 expression in response to H. pylori.
MATERIALS AND METHODS
Cell lines. Conditionally immortalized stomach (ImSt) epithelial cells were harvested from the gastric epithelium of H-2K b -tsA58 mice as previously described (10, 28) . EGFR Ϫ/Ϫ and COX-2 Ϫ/Ϫ ImSt were isolated from the corresponding knockout mice crossed with the Immortomouse (H-2K b -tsA58) at the Vanderbilt University Digestive Disease Research Center Novel Cell Line Development Core as described (27, 28) . Cells were maintained in RPMI 1640 media containing 10% fetal bovine serum and 5 U/ml of murine interferon-␥ (IFN-␥) at 33°C and 5% CO 2. Cells were transferred to 37°C (nonpermissive temperature) in 0.5% fetal bovine serum-RPMI without IFN-␥ for 18 -24 h before treatment or infection. stimulation, cell monolayers were lysed and prepared for SDS-PAGE. Denatured cell lysates were resolved by SDS-PAGE and used for Western blot analysis. Primary and secondary antibodies used in Western blot analyses included rabbit anti-phospho-EGFR Y1068 (Cell Signaling), rabbit anti-EGFR (Millipore), mouse anti-total actin (Sigma), horseradish peroxidase (HRP)-conjugated anti-mouse and anti-rabbit polyclonal (Cell Signaling Technologies), and goat anti-COX-2 and HRP-conjugated anti-goat polyclonal (Santa Cruz Biotechnologies) antibodies.
Mice. The Institutional Animal Care and Use Committee at Vanderbilt University approved all animal experiments. C57BL/6 WT and Egfr wa5 mice were used at 8 -12 wk of age. Egfr wa5 mice harbor a dominant-negative mutation in one of the egfr alleles, which is located within the region encoding for the activation loop of the EGFR kinase (13) . Mice were gavaged with 1 ϫ 10 9 H. pylori strain 7.13 or Brucella broth alone as a control. After 48 h, mice were killed, and stomachs were removed and used for isolation of gastric epithelial cells as previously described (4).
Small-interfering RNA transfections. ImSt cells were plated at a seeding density of 3-6 ϫ 10 5 cells/well in six-well plates and grown for 24 h at 33°C in cell growth media without IFN-␥. Cells were then transfected either with 200 nM siGenome SMARTpool number 2 nontargeting (NT) small-interfering RNA (siRNA) or 200 nM mouse EGFR siGenome SMARTpool siRNA (Dharmacon) using the Lipofectamine RNAiMax (Invitrogen) transfection reagent according to the manufacturer's instructions. Cells were then grown at 37°C for 16 -18 h in serum-free RPMI before experiments.
PGE 2 ELISA. ImSt cells were cocultured with WT H. pylori strain 7.13 in 0.5% FBS-RPMI for the time points indicated. Conditioned media was harvested, centrifuged, and analyzed using a PGE 2 ELISA (Assay Designs) according to the manufacturer's instructions.
Apoptosis. ImSt cells were cocultured with WT H. pylori for 16 and 24 h, and cells were processed as previously described for annexin-V and propidium iodide staining and analyzed by flow cytometry (30) . Statistical analysis of experimental data. All data shown are representative of at least three experimental replicates. Results were analyzed using GraphPad Prism data analysis software (GraphPad Software, La Jolla, CA) by one-way ANOVA with Newman-Keuls multiple-comparison test.
RESULTS

H. pylori stimulates the production of COX-2 by gastric epithelial cells in a cag T4SS-dependent manner.
Previous studies examining the induction of COX-2 by H. pylori in gastric epithelial cells have been performed using cancer cell lines, which may not fully recapitulate COX-2 function and/or regulatory signaling that occurs in vivo. Therefore, we investigated the regulation of COX-2 production in a more biologically relevant model of normal gastric epithelium by using conditionally immortalized mouse stomach (ImSt) epithelial cells. Coculture of ImSt with the H. pylori cag ϩ carcinogenic strain 7.13 induced COX-2 expression as early as 3 h postinfection, and levels of COX-2 continued to increase up to 24 h postinfection (Fig. 1, A and B) . Additionally, we evaluated EGFR activation in gastric epithelial cells after infection with H. pylori. Phosphorylation of EGFR at tyrosine residue 1068 was observed 30 min after addition of the bacteria (Fig. 1C) . To determine if increased COX-2 production was dependent on CagA and/or a functional T4SS, ImSt cells were cocultured with the WT H. pylori strain 7.13 or isogenic mutants lacking cagA and cagE (encoding a structural element of the T4SS) for 24 h, and cell lysates were analyzed by Western blotting. COX-2 levels were significantly decreased in ImSt cells cocultured with the isogenic cagA Ϫ and cagE Ϫ mutants, compared with levels observed in cells cocultured with H. pylori WT strain 7.13 ( Fig. 1, D and E) , indicating that a functional T4SS is necessary for the full induction of COX-2 by H. pylori in this model.
We next investigated whether live bacteria were necessary for the induction of COX-2 by coculturing ImSt cells with heat-killed H. pylori. Expression of COX-2 was lower in cells treated with heat-killed bacteria compared with ImSt cells cocultured with live H. pylori (Fig. 1, D and E) . To test whether direct cell contact was required for COX-2 induction, we used a Transwell filter with a permeable membrane to separate H. pylori from epithelial cells and then quantified COX-2 levels by Western blotting. As shown in Fig. 1, F and G, H. pylori added to the upper chamber of the Transwell induced lower levels of COX-2 compared with cells that were in direct contact with H. pylori. These results suggest that direct contact between gastric epithelial cells and H. pylori cag ϩ strains is required for maximal COX-2 induction.
Induction of COX-2 by H. pylori requires EGFR expression and kinase activity. Previous studies have demonstrated that H. pylori transactivates EGFR in gastric epithelial cells (31).
Because EGFR activation can induce COX-2 expression in other cell types, we determined whether H. pylori-stimulated COX-2 expression was mediated via transactivation of EGFR. ImSt cells were cocultured with H. pylori strain 7.13 in the presence or absence of AG-1478, a small-molecule inhibitor of EGFR kinase activity. As shown in Fig. 2, A and B, COX-2 production was significantly decreased in H. pylori-infected and EGF-treated ImSt cells that were pretreated with AG-1478. To further define a specific role for EGFR in the induction of COX-2, ImSt cells were transfected either with siRNA targeting EGFR or NT siRNA as a negative control. Following 18 h of transfection, cells were cocultured with H. pylori 7.13. Transfection of ImSt cells with EGFR siRNA significantly decreased EGFR expression levels in ImSt cells (Fig. 2, C and D) . Transfection with EGFR siRNA also significantly reduced the expression of COX-2 in response to H. pylori or EGF compared with cells transfected with the NT siRNA (Fig. 2, C and D) . We subsequently confirmed these ). As shown in Fig. 2, E and F (Fig. 3A) . Because PGE 2 generation can be catalyzed by both COX-1 and COX-2, we also evaluated PGE 2 production induced by H. pylori using COX-2-deficient cells (ImSt COX-2 Ϫ/Ϫ ). As shown in Fig. 3B , no detectable increases in PGE 2 production were observed in ImSt COX-2 Ϫ/Ϫ cells cocultured with H. pylori. We also investigated the role of EGFR in PGE 2 production by measuring the secretion of PGE 2 by ImSt EGFR Ϫ/Ϫ cells after coculture with H. pylori. No significant increases in levels of PGE 2 production were observed in EGFR-deficient cells cocultured with H. pylori compared with untreated cells (Fig. 3B) . As expected, treatment of WT ImSt cells with EGF increased the secretion of PGE 2 (Fig. 3B) . These results indicate that induction of COX-2 by H. pylori results in an increased production of PGE 2 by gastric epithelial cells and that this production is dependent on EGFR.
Increased COX-2 production by H. pylori attenuates apoptosis in gastric epithelial cells. Increased expression of COX-2 is linked to tumor development, and PGE 2 has been identified as the critical prostanoid promoting this phenotype in colorectal tumors (8) . After PGE 2 binds to its receptors, multiple cellular responses can be activated, including cell survival (8) . Because infection by H. pylori is involved in the development of gastric cancer and our data indicate that COX-2 production is increased in gastric epithelial cells cocultured with H. pylori, we assessed the role of COX-2 in H. pylori-induced apoptosis. ImSt WT cells were treated with NS-398, a specific COX-2 inhibitor, or vehicle control for 1 h and then cocultured for 16 or 24 h with H. pylori. Apoptosis was assessed by annexin-V and propidium iodide staining, and the percentage of apoptotic cells was analyzed by flow cytometry (Fig. 4A) . Inhibition of COX-2 induced a significant increase in apoptosis in ImSt cells infected with H. pylori compared with levels observed in infected ImSt cells that were not treated with NS-398 (Fig. 4B) . We also assessed apoptosis in ImSt WT and COX-2 Ϫ/Ϫ cells cocultured with H. pylori. The percentage of apoptotic cells was significantly increased in H. pylori-infected ImSt COX-2 Ϫ/Ϫ cells compared with ImSt WT (Fig. 4, C and D) . These results suggest that H. pylori-induced COX-2 activity inhibits apoptosis, which may play a role in carcinogenesis. Western blotting in epithelial cells isolated from stomach specimens. We observed a significant increase in COX-2 expression in the gastric epithelium of WT mice challenged with H. pylori compared with Egfr wa5 mice (Fig. 5, A and B) , results that mirrored our findings in vitro (Fig. 2, C and E) with the EGFR inhibitor ( Fig. 2A) and with siRNA targeting EGFR (Fig. 2C) .
COX-2 expression in H. pylori-infected mouse gastric epithelial cells in vivo is
DISCUSSION
In this study, we demonstrated that an H. pylori cag ϩ isolate is able to induce the expression of COX-2 in primary gastric epithelial cells through transactivation of EGFR. Previous studies have shown that H. pylori strains isolated from gastric cancer patients induce higher expression levels of COX-2 in vitro (3). Consistent with those results, we observed increased expression of COX-2 in response to H. pylori strain 7.13, an isolate capable of inducing gastric cancer in Mongolian gerbils and INS-GAS mice (6) . We also showed that the induction of COX-2 is dependent on a functional T4SS; however, deletion of cagE or lack of direct contact between cells and the bacteria did not completely eliminate the upregulation of COX-2 in response to H. pylori, suggesting that a soluble virulence factor(s) could be involved in this process. In support of this, a previous study using bacterial culture supernatants from H. pylori to stimulate MKN28 cells showed that ␥-glutamyltranspeptidase present in the supernatant upregulates COX-2 expression (1). Conversely, other reports have indicated that the cag pathogenicity island is not involved in cox-2 gene expression induced by H. pylori (1, 11) . The discrepancy with our data could be explained by differences in the H. pylori strains used as well as the use of transformed cell lines in prior studies, which is in contrast to the conditionally immortalized cell model system employed in the current study. Indeed, we performed all the experiments under nonimmortalized conditions to avoid confounding effects exerted by the transformed phenotype of cancer cell lines. The involvement of the cag pathogenicity island in the induction of COX-2 has been also confirmed in H. pylori-infected Mongolian gerbils, where COX-2 mRNA levels increased after infection with WT H. pylori, but which were significantly lower in animals infected with a cagE mutant strain (18) .
H. pylori transactivates EGFR and upregulates its expression creating an autocrine loop (12) . This continuous activation of EGFR by H. pylori initiates signaling pathways that are both pro-mitotic and anti-apoptotic, potentially leading to unrestrained proliferation and eventually to gastric neoplasia. COX-2 overexpression has been documented in numerous types of cancer, including lung, colon, stomach, pancreas, and breast (25) . Additionally, overexpression of COX-2 has been shown to regulate tumor cell invasiveness and angiogenesis and also promote apoptosis resistance in colon cancer cells (14, 21) . In this study, we showed that downregulation of EGFR expression by siRNA treatment or chemical inhibition of its kinase activity results in reduced expression of COX-2 in response to H. pylori. Additionally, by using a rodent model of infection, we demonstrated that COX-2 expression was increased in WT, but not in Egfr wa5 , mice after challenge with H. pylori. These results indicate that stimulation of COX-2 production in gastric epithelial cells by H. pylori is mediated by EGFR activation.
The main product of COX-2 activation is PGE 2 , which binds to EP receptors and can promote cancer progression by stimulating cell motility, invasion, and tumor-associated angiogenesis as well as promoting cell survival (2). We found PGE 2 secretion to be increased over time and to be mediated by COX-2 in gastric epithelial cells exposed to H. pylori, and this secretion was EGFR dependent. We also observed increased apoptosis in response to H. pylori infection when gastric epithelial cells were treated with a COX-2 inhibitor and also in ImSt COX-2 Ϫ/Ϫ cells. Increased secretion of PGE 2 may also affect adaptive immunity, since it is known to suppress the T helper 1 (Th1) immune response to bacterial infection (15) . Th1-type responses are crucial to control the infection but, at the same time, can promote the development of gastric cancer precursor lesions through the production of IFN-␥ in response to H. pylori (20) . A recent report indicated that inhibition of COX-2, which leads to a concomitant reduction in PGE 2 levels, accelerated the development of gastritis and premalignant lesions in a model of H. felis-induced, T cell-driven gastric preneoplasia (20) . However, additional studies using other mouse models of H. pylori-induced gastric cancer are necessary to clarify the contribution of COX-2 to the development of preneoplasic lesions.
In summary, we have demonstrated that activation of EGFR in primary gastric epithelial cells by H. pylori leads to increased COX-2 expression and that this response is partially dependent on a functional T4SS. Augmented COX-2 expression results in increased PGE 2 secretion, leading to attenuated apoptosis in cells infected with H. pylori, which may play a role in carcinogenesis induced by this pathogen over prolonged periods of colonization.
